In the present work, several parameters affecting on the catalytic behavior were studied in the process of partial oxidation of methanol to formaldehyde, such as: Mo/Fe ratio in unsupported catalysts, weight percent of the metallic phase in the supported catalysts, the effect of different supports, the method of Mo-Fe deposition on the supports, and the stability of the prepared catalysts against coke. These catalysts were characterized by X-ray diffraction (XRD), Fourier Transform Infra Red (FT-IR), Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM), N2 adsorption-desorption, and Atomic Adsorption Spectroscopy (AAS) methods. The best results (the methanol conversion = 97 % and formaldehyde selectivity = 96 %) were obtained for Mo-Fe/-Al2O3 prepared by co-precipitation method with Mo/Fe = 1.7, 50 wt.% of Fe-Mo phase, 2 mL/h methanol flow rate, and 120 mL/min air flow rate at 350 o C.
Introduction
Achieving the highest possible performance on the oxidation reaction of methanol to formaldehyde is an essential goal of the chemical industries [1] [2] [3] [4] . In aiming to develop catalysts with the best formaldehyde yields, good performance and catalytic stability, our efforts were focused on understanding the appropriate technique for preparation of catalysts. Ironmolybdate mixed oxides have been used in many years as a selective catalyst in the industrial production of formaldehyde from methanol oxidation with high yields [5] . The lower operating temperature and robust nature of these metal oxides have made the partial oxidation process more economically viable compared to other catalytic systems [1] .
Several techniques have been reported in the preparation of unsupported iron-molybdate catalysts. Most of these methods are based on coprecipitation techniques in aqueous phase [6] . While the current iron-molybdate catalysts are unsupported catalysts, they have low surface area and weak ability to mechanical abrasion in fluidized beds. So, some researchers have been made to prepare the supported catalysts [7] .
Although, supported catalysts have proved useful for research processes, they have been commercially unsuccessful. Because the reported supports reacted with formaldehyde leads to a lowering of the selectivity, with further oxidation to CO and CO2.
These reported catalysts, which are mainly prepared by impregnation method, have almost a low activity and if they have high activity, cause total oxidation, which is a doubt to the methanol-formaldehyde conversion. This is probably due to the exist of some reactions or interactions between the active phase and the support. Increase the catalytic surface is one way to increase the activity of unsupported catalysts, but we cannot change too much surface area of these catalysts and have no choice except to use supported catalysts [6] .
The main purpose of the present work is to find the best Mo/Fe ratio for the production of unsupported catalysts and finally the preparation of the supported catalysts with these ratios in order to increase the catalytic surface area without loss of activity. So, we examine the various preparation methods and compare their obtained results in oxidation reaction of methanol to formaldehyde. In the present work, the study of catalyst structure effect is also carried out on catalytic performance.
Materials and Methods

Catalysts and Materials
Unsupported catalysts
A series of iron-molybdate (Fe2O3-MoO3) catalysts with different Mo/Fe molar ratios (1.7, 2 and 3) was prepared by iron(III) nitrate nona hydrate (Merck, ≥ 98 %), ammonium hepta molybdate tetra hydrate (Merck, > 99 %), ammonia hydroxide solution (Merck, 28-30 %) and nitric acid (Merck, 65 %) by a conventional co-precipitation method [8] . For the preparation of the catalyst, the ferric nitrate solution (0.3 M) was added to ammonium molybdate solution (0.1 M), under stirring at 50 °C. During this process, the pH was adjusted between 1.5 and 2 by adding the nitric acid and ammonium hydroxide. The produced suspension was aged at 80 °C for 3 h, cooled to room temperature and the obtained solid was filtered, dried at 100 °C during overnight and calcined in flowing air (20 mL.min −1 ) at 550 °C for 4 h.
Supported catalysts
A modified co-precipitation method was used in the preparation of the composite catalysts. Usually various supported catalysts were manufactured by impregnation method. However, these catalysts are not active (according to our investigation) for the selective oxidation of methanol to formaldehyde. Accordingly, the modified co-precipitation method was used to prepare the composite catalysts. These composite catalysts are iron-molybdate/α-alumina, iron-molybdate/-alumina and iron-molybdate/ HMS. In these catalysts, the molar ratio of Mo/Fe is 1.7. The α-alumina, -alumina, and HMS were prepared according to the reported procedures [9] [10] [11] . A certain amount of these supports with appropriate volume of water were poured into a beaker. The mixture was stirred to form a suspension. The pH of this solution was adjusted between 1.5 and 2. To form iron-molybdate in the structure of the composite supports, a certain concentrations of metal salts solution was poured in two separate funnel and then these solutions were added drop by drop to suspension at 50 °C. After adding the total solution, the reaction temperature was increased to 80 °C for 4 h. These solid materials were filtered, dried at 100 °C for overnight and calcined in flowing air (10 mL.min -1 ) at 400 °C for 6 h.
The iron-molybdate catalysts with various Mo/Fe molar ratios were named MF(x) where x represents the nominal Mo/Fe ratios (1.7, 2, and 3). The iron-molybdate/-alumina catalyst with Mo/Fe = 1.7 was labeled MF/-A(y) where y represents the weight percent of ironmolybdate phase in the catalyst (30, 50, and 70 wt%) and about iron-molybdate/α-alumina and iron-molybdate/HMS, these catalysts were named as MF/α-A(y) and MF/H(y), respectively (y = 50 %).
Apparatus
Fourier transform infrared (FT-IR) spectra from 4000 to 400 cm -1 were recorded on a Bomem MB-series FT-IR (Canada) instrument model Arid-Zone TM, using KBr pellets. Powder X-ray diffraction (XRD) patterns were obtained on a Philips X'pert diffractometer with monochromatized Cu-Kα radiation. Thermal analysis (TG/DTA) was carried out on a Bahr STA-503 instrument in air at a heating rate of 10 o C.min -1 . The morphology of catalysts was investigated on a KYKY-EM3200 digital scanning electron microscope (KYKY SEM). The elemental compositions (Mo/Fe) were determined by an atomic absorption spectrometer (AAS AVANTA GBC). The BET surface areas of fresh catalysts were measured with a BET single point surface area (BELSORP-MR6) analyzer by N2 physisorption.
Catalyst Testing in Reactor and Performance Calculation Methods
Methanol oxidation was performed in a continuous fixed-bed Pyrex micro reactor at an atmospheric pressure (Figure 1 ). Previous to starting the run, the activation of catalysts was carried out in the air flow at 400 o C for 2 h. Then the reactant mixtures (methanol and air) were directly injected into this micro reactor by a syringe pump and mass flow controller. The catalytic performances were examined by taking 0.6 g of each catalyst at 250-350 o C, methanol flow rate (FRMeOH) of 1-2.5 mL.h −1 and air flow rate (FRair) of 20-120 mL.min −1 in order to study their influences for 1 h on stream. The stability of catalysts was also investigated during 10 h on stream at a selected constant temperature (350 o C), FRMeOH (2 mL.h −1 ), and FRair (120 mL.min −1 ). The reaction products were analyzed online by a TCDequipped GC (Shimadzu-8A) with a Propak Q column and appropriate temperature programming for a detection of products. It is noted that all the gas lines between the micro reactor, and GC were heated to prevent condensation of products. The activity of catalysts, in terms of methanol conversion (CMeOH), the selectivity to desired products (Sx), and the space velocity (SV), are defined based on the inlet and outlet mole numbers of methanol (n in MeOH and n out MeOH , respectively) and product x (n x ) as follows: perimental conditions, the only detectable products in this reaction were formaldehyde (HCHO), dimethyl ether (DME), and small amounts of CO2. The results show a similar trend for all three catalysts with temperature. As the temperature increases, the methanol conversion (C MeOH ) increases and the selectivity to formaldehyde (SHCHO) decreases. At higher temperatures, the catalysts tend to produce more DME. Among the prepared catalysts, MF(1.7) catalyst has the best methanol conversion. However, its selectivity to formaldehyde is lower than the other unsupported catalysts. The yields of these catalysts confirm the superiority of MF(1.7) compared to others.
Results and Discussion
The results show that with promoting the Mo and Fe amounts, the S HCHO and C MeOH increases. In the study about the SV effect, the results (Table 1) show that with increasing SV, the C MeOH raises linearly, probably due to the increase as the concentration of O2 in the reaction environment. In all three catalysts, the selectivity to the products increases with space velocity from a maximum to a minimum value. It increases again and reaches to the highest possible amount at the maximum SV. The most probable reason for this observation is the low contact time at the maximum SV, followed by the increase of selectivity to desired products and the decrease of unwanted products. The C MeOH for the MF(1.7) catalyst at the SV = 37,000 h -1 is nearly 90 %. After this SV, the catalyst activity has a decreasing trend.
Due to the use of unsupported catalysts in the industry, less research has been done on the study of supported catalysts. Accordingly, in the present work, three catalysts containing 10, 20, and 30 wt.% of Fe-Mo on -alumina with Mo/Fe ratio of 1.7 were obtained by impregnation method. Although these catalysts had a high conversion, their major product was carbon oxides (COx). So these catalysts tend to total oxidation reaction. The Mo-Fe supported ZSM-5 and HMS catalysts were also prepared by this method. These catalysts were furthermore shown the same results but with lower products. To reduce total oxidation reaction, we changed the catalyst preparation method from impregnation to co-precipitation method. Since the best performance of unsupported catalysts was at two temperatures (300 and 350 o C), these temperatures was selected in order to study of supported catalysts.
To investigate the best weight percent of metallic phase, three amounts (30, 50, and 70 wt.%) of Fe-Mo phase were also investigated. The results were summarized in Table 2 . The obtained results present that the MF/-A(50) catalyst has high S HCHO . This catalyst has the best performance at 350 ℃ and 37,000 h -1 and produces HCHO at a yield of more than 97 %. In other words, this catalyst has a strong tendency to produce HCHO, the lack of COx and high C MeOH In the low conversions, the reaction yield to HCHO is close to 100 %. According to the above results, a catalyst containing 50 wt.% of Fe-Mo over γ-alumina has the best results. In order to compare the different supports, the α-alumina and HMS were also co-precipitated with 50 wt.% of Fe-Mo. As can be seen in Figure 2 , the MF/α-A(50) catalyst has less activity than the other three catalysts. The MF/HMS(50) catalyst has high activity for this reaction, like the MF/-A(50). It seems that the surface area of these catalysts is effective on these results.
To investigate the effect of catalyst preparation method on the catalytic performance, MF/-A(50) was prepared by impregnation (impreg.), co-precipitation (co-pre.) and physical mixing (phys.) methods. In the catalyst produced by the impregnation and physical mixing methods, the S CO2 and S CO as byproducts are high, while in the catalyst prepared by coprecipitation, almost no CO2 is produced (Figure 3) . The impregnated catalyst tends to total oxidation and nearly 40 % of its products is CO and CO2. With increasing SV, the total oxidation is also exacerbated. In the physical mixed catalyst, the complete oxidation process reaches to a minimum with increasing SV. From these results, it is determined that the best method to the preparation of the catalysts is the co-precipitation method. The catalysts produced by this method, in addition to the great C MeOH , also have a high selectivity to the desired product, and by-products are minimized.
Another parameter that was considered in the performance of the best catalysts described above is the effect of FRMeOH (Figure 4a ). This investigation was carried out at FRair of 120 mL/min and 350 °C. As shown for MF(1.7), in FRMeOH of 1 mL/h, the C MeOH , and S HCHO are almost 100 % and 80 %, respectively. With increasing FRMeOH and reaching to 2.5 mL/h, both parameters attain nearly 70 %. This result is probably because in less FRMeOH, there is enough O2 to perform the oxidation reaction.
Even so, as the O2 ratio drops in high FRMeOH, a dewatering reaction occurs. For MF/-A(50), in FRMeOH of 1 mL/h, CMeOH is close to 100 % and S HCHO is near 85 %. By increasing FRMeOH to 2 mL/h, both parameters reach 97 %, and Figure 3 . Effect of preparation method on (a) conversion and selectivity to the desired product and (b) selectivity to by-products Figure 2 . Comparison of the catalytic performance for different supported catalysts prepared by co-precipitation method again a decreasing trend can be observed. The MF/HMS(50) catalyst tends to total oxidation, and the best performance of this catalyst is achieved at FRMeOH of 2 mL/h, and then the catalyst performance reduces once again.
To better study, the catalytic stability against deactivation agents (coke deposition) was investigated over 10 h on stream ( Figure  4b ). The stability test was carried out in FRair of 120 mL/min, FRMeOH of 2 mL/h and 350 °C. After 10 h, C MeOH of MF(1.7) decreases about 30 %. While S HCHO is not only diminished over time but also has a relative increase. For MF/-A(50), S HCHO decreases significantly after 1 h, reaches a minimum and increases again. C MeOH has also a decreasing trend and reaches 80 % after 10 h. While S DME increases over time. For MF/HMS(50), after 10 h, C MeOH downfalls from 90 to 70 %. SHCHO reaches to a minimum value over time, and it goes up again. This catalyst also shows the worst possible performance at 8th hour.
The amount of coke depositions after 10 h was evaluated by thermal gravimetric analysis (TGA). The lowest amount of coke has been deposited on MF(1.7) catalyst (0.008 wt.%), and this amount confirms the high activity of this catalyst after 10 h. The coke amounts of MF/-A(50) and MF/HMS(50) are 0.022 and 0.034 wt.%, respectively. As expected, because of the presence of O2, suitable conditions for burning coke and the presence of a clean hydrocarbon, the coke formation over these catalysts is very low.
To investigate the relationship between the obtained results and the structural properties of these catalysts, various analyzes were performed as follows. The Mo and Fe contents in the prepared catalysts were analyzed with atomic absorption spectroscopy. The obtained results show a deviation of less than ± 0.1 from the desired values. The BET surface area (S BET ) for the fresh catalysts was measured by N2 adsorption-desorption. The results briefly for unsupported MF(1.7), MF(2) and MF(3) catalysts are 3.1, 3.5 and 5.2 m 2 /g and also for supported MF/-A(50), MF/α-A(50) and MF/HMS(50) catalysts are 146.2, 6.7, and 811.9 m 2 /g, respectively. As expected the unsupported catalysts have the lowest surface area than the supported catalysts. Also, the catalysts prepared with coprecipitation method presented the lowest surface area than the catalysts prepared with impregnation and physical mixing methods. Figure 5 shows the XRD patterns of the selected catalysts. In these patterns, three main phases can be identified as Fe2(MoO4)3, MoO3, and Fe2O3 (Table 3 Figure 5 . Comparative X-ray diffraction patterns for the prepared catalysts (23°) is observed in all catalysts with different intensity. The peaks at 12.8º, 25.7º, 27.3º, and 39.2º can be indexed to correspond with the (020), (040), (021), and (060) planes of MoO3 phase. The intensity of molybdenum oxide peaks relative to the iron oxide is more intense due to the crystallization in a more regular crystalline network. Also, the peaks at 24.16º, 33.2º, 35.66º, 40.9º, 49.57º, 54.12º, 61 .74º, and 64.62º indicate the presence of iron phases in the catalysts [1] .
To investigate the effect of reaction time on the catalysts structure, MF/-A(50) catalyst was examined before and after 30 h of reaction by XRD analysis ( Figure 5 ). The XRD patterns of these catalysts do not differ from each other, and this shows the thermal and mechanical stability of this catalyst. Although the catalyst activity is reduced over time that the point for this can be seen in the difference of the peaks' width before and after the reaction. The data in Table 3 show after the reaction, the peak width of Fe2(MoO4)3 increases and the particle size reaches from 29 to 18 nm. But Fe2O3 and MoO3 phases do not change. Increasing the peak width means the distribution of the crystal structure and so the reduction of the particle size. As a result, these data indicate that the cause of catalyst deactivation after the reaction is the loss of the Fe2(MoO)3 phase. About the effect of the preparation method on the structure of the catalysts, it can be said that the intensity and width of the peaks are different, indicating a difference in particle size and crystallinity. These two factors are affecting on the activity of these two catalysts.
The peak width of Fe2(MoO4)3 phase for impregnated catalysts is more than the catalysts prepared by co-precipitation method. According to the Scherrer equation, the greater peak width represents the smaller particle size. Therefore, the larger particle size of the active phase in the co-precipitation method is in favor of this catalytic oxidation. These results are in accordance to the obtained particle size from SEM.
SEM images (Figure 6) show the difference in crystalline order for various prepared catalysts. According to the activity results, the unsupported catalysts and the catalysts prepared by the co-precipitation method have high activity, which the SEM images show more crystalline order for these catalysts. The MF(1.7) and MF/-A(50) catalysts have three-dimensional order, while the MF/HMS(50) catalyst has sheet structure and two-dimensional order. The image of the MF/-A(50) catalyst prepared by co-precipitation method is very similar to MF(1.7) prepared by this method. Figure 7a shows the FT-IR spectra for unsupported catalysts. The broad band available in 835 cm -1 shows the stretching vibration of the Mo=O in the Fe2(MoO4)3 active phase. There are also two shoulders in 958 and 1000 cm -1 , which are related to the bond between O and Mo in a separate phase of MoO3. The small spectrum available in the 470 cm -1 indicates a bending vibration of the Mo-O-Mo, which its intensity decreases with increasing Fe content. As it is not visible in the catalyst with Mo/Fe equal to 1.7. The relatively broad peak at 600 cm -1 can be related to the Mo in the hexagonal structure of MoO6. However, this peak is located in the stretching frequency range of the Fe-O bond and overlaps it. The vibration bands related to Fe are present in low frequency ranges, which may also be covered by the vibration bands of Mo bonds.
The IR spectrum of MF(1.7) catalyst is very similar to the MF(3) spectrum, but there are two minor differences that are used to identify the Fe bands. These differences include the peak width of metallic phases presence of a truly broad band in 3300 cm -1 , which indicates the stretching vibration of the FeOOH hydroxyl group, and the existence of a very small peak at 1630 cm -1 , which is difficult to observe in more molybdenum-containing catalysts. This peak relates to the bending vibration of the FeOOH hydroxyl group. By comparing the FT-IR spectra of these three catalysts, it is observed that with increasing Mo content, the peak intensity in the 1630 cm -1 region reduces and the intensity of Mo peaks increases [6] . Figure 7b shows the effects of supports and the preparation method on the FT-IR spectra. The FT-IR spectra of MF/-A(y) catalysts produced by co-precipitation method show a broad band in 3500 and 840 cm -1 that are related to the stretching vibration of the surface hydroxyl groups (O-H) and the molybdenum-oxygen bonds (Mo-O), respectively. It seems that the Fe vibration bands are covered by the -alumina bands. The FT-IR spectra of MF/-A(50 %) catalysts, which have been prepared by two methods of co-precipitation and impregnation, show that the change in the preparation method has almost no effect on the FT-IR spectra of these catalysts. This result was also confirmed by XRD patterns. The MF/HMS (50 %) prepared by co-precipitation method presents the asymmetric stretching vibration of the Si-O-Si group in 1024 and 1200 cm -1 and the symmetric stretching vibration in 812 cm -1 . The observed band in 950 cm -1 is related to the bending vibration of Si-OH group (silanol). Moreover, the presence of a broad band in 13450 and 1650 cm -1 is corresponded to the stretching and bending vibrations of the H-O-H bond of water molecules and surface hydroxides, respectively. Also, the band in near 1453 cm -1 represents the bending vibration of Si-O tetrahedral [11, 12] .
Conclusions
In this study, the effect of various parameters on the oxidation reaction of methanol to formaldehyde was investigated. Among the various prepared catalysts, the best results were obtained Mo-Fe co-precipitated -Al2O3 with Mo/Fe = 1.7 molar ratio and 50 wt.% of metallic phase. This catalyst can promote conversion and selectivity at 350 °C to 97 % and 96 %, respectively. From the data collected from the catalytic performance and characterization analyzes within this work it seems the most important aspect to formaldehyde production is the presence of surface Fe2(MoO4)3 and the reason of catalyst deactivation is the degradation of Fe2(MoO4)3 and its smaller particle size. The particle size for the co-precipitated and impregnated catalysts are 29 nm and 16 nm, respectively. This suggests that by increasing the particle size, the catalyst activity has increased, which is likely to indicate that the reaction is a structure-sensitive reaction. These obtained results are very important for industrial aims.
